Combustion in porous media burners presents considerable advantages over free flame burners due to several outstanding features inter alia clean and highly efficient combustion properties allowing a considerable amount of feedback energy from the flame area to preheat the mixture of fuel and air resulting in a considerable reduction of unavoidable pollutant formations appearing e.g. as the emission of CO and NO X . In addition, porous media burners are manufactured in highly compact small sizes suitable to industrial and household heating characteristic applications. Heat transfer between solid and gas depends mainly on the porous thermophysical properties of the component known as the solid matrix. These systems are characterized by the formation of a combustion flame pulse or wave which can travel inside the burner, depending on the operating conditions at velocities of about 0.1 mm/s. In this paper, a new temperature tracking scheme is proposed based on digital image processing to determine the position and the velocity of the thermal profile. Results showed reduced errors in the estimation of the peak temperature position using digital image analysis compared to conventional thermocouple-based measurements techniques.
Introduction
Combustion processes are fundamental in industrial, medical and household applications. The conventional combustion is performed with free flame burners, e.g. candles and household appliances, still massively used in a myriad of processes due to its extreme simplicity. In the last two decades, porous media burners made their appearance with significant improvement in results yet with considerable complexity.
Porous media burners can be used for a variety of applications, including space and water heating, metal heat-treating, coating and paint drying, glass and chemical processing [1] . Amongst interesting chemical processing applications can be cited hydrogen and hydrochloric acid production [2, 3] . The electric energy generation through thermoelectric elements can be considered a new application of these devices [4] .
Although there is inherently a low thermal to electrical conversion efficiency associated with thermoelectric materials, the concept is appealing to bring power to areas such as space and isolated regions on the planet where no power grid is available.
Additionally low calorific value fuels, i.e. very lean fuels that might not be flammable otherwise, can be included in a combustion process using porous media burners. The technology could also be used to reduce contaminants from open flame combustion processes.
A porous media burner consists of two main parts: the casing and the core. The casing is generally a cylindrical housing e.g. quartz or metal resistant to a specified temperature. A typical quartz porous media burner is 50 cm long with an approximate diameter of 80 mm and volumetric porosity of 0.4. Porous media often consist of ceramics or aluminium oxides, defining the so-called matrix of the burner, e.g. inert aluminium pellets. The mixture of fuel and oxidizer (typically air) usually penetrates under pressure through the bottom of the combustor when the disposition is vertical. The speed with which the gas mixture, e.g. methane and air, is filtered into the recesses of the matrix is called porous filtration rate. The fuel mixture is ignited within the porous media of the reaction zone using a spark plug technique to initiate the combustion process. The heat removal from the reaction zone occurs by convection, radiation and conduction causing an increase of temperature in the preheating zone. The two operation zones labelled as preheating and reaction zones yield the reduced exhaust contaminants at the exit of the porous media furnace after escaping through the post reaction zone towards the exhaust outlet. Figure 1 shows a diagram of a porous media burner illustrating the parts that compose it as well as the direction of the input flow, reaction zones and exhaust section.
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Operation Principles of Porous Media Burners
The combustion process is initiated by means of a thin spark introduced in radial direction into the reaction zone of the burner. After a short time interval, the preheating zone increases its temperature and therefore allows the input flow to reach the reaction zone at a much higher temperature than at the input section. With the development of combustion in the interstices of the porous matrix, temperature profiles are generated, both in the gaseous phase as well as in the solid phase, with high axial gradients. The high axial gradients are observed from the preheating to the reaction zone. The motion of these profiles depends on the fuel/air mixture, the pressure difference between input and output zones and the geometrical configuration of the matrix. In our laboratory experiments these temperature profiles moved at speeds of about 0.1 mm/s, in the co-current direction (from preheating zone to post reaction zone), i.e. if the fuel mixture at the input e.g. is a methane (CH 4 )/air mixture, can be considered rich, the fuel mixture at the exhaust is considerably reduced. The energy flow from exhaust to input is labelled counter-current flow. Figure 2 shows the temperature profiles of the gaseous and solid phases. Hence there is first heat flowing from the gas to the solid matrix and eventually heat flowing towards the input gas. A difference of temperature between gaseous and solid phases in the preheating zone is established. It can be observed that the temperature profile of the gas T G is lower than the temperature profile of the solid T S in the preheating zone with a cross over as the profiles increase towards a maximum. The temperature profile of the gas T G is slightly higher then the temperature profile of the solid matrix up to the exhaust of the burner. Since temperatures in porous media burners reach 1400 K, S-type thermocouples can be used to measure these range of temperatures. Our goal is to implement an artificial vision algorithm with digital image processing replacing the cumbersome experimental thermocouple settings.
The shape of the observed temperature gradients depends, among other factors, on the energy losses to the external medium. Depending on the insulation of the reactor, energy losses range from a maximum for a quartz tube without insulating coating to a minimum for an adiabatic reactor. Figure 2 illustrates the gaseous and solid phase temperature profiles obtained from a computer simulation. It can be seen that the largest thermal gradient occurs in the interval 25-30 cm. In our experiment, the peak temperature is reached at z w = 27 cm, and then experiences a decrease in the remaining section of the reactor. It should be noted that the gradient towards the exhaust section is always much lower than the gradient in the area of increasing temperature.
The relevance of knowing the axial position (and speed) of the thermal peak inside the reactor is of great importance: if it reaches the output edge of the reactor it would lead to an extinction of the combustion reaction thus stopping the combustion process. Otherwise, if the thermal peak reaches the input edge of the furnace a hazardous situation might occur.
The traditional method of detecting the position of the thermal peak is based on measurements made with thermocouples axially distributed. The disadvantage of this method is due to the discrete location of sensors usually spaced 5 cm apart [8] . When the temperature peak is between two thermocouples, its position is uncertain until it reaches a sensor which minimises the error in its position, hence the estimation of its speed. Errors reported in the literature are in the range of 10 -25% [5, 6] . Digital image analysis provides a precise tool to monitor continuously the position of the peak temperature.
Correlation of Temperature and Visual Color to Colour Imaging
When a body is heated above 770 K it begins to emit incandescent light in the visible spectrum. The hue visible at the temperature 770 K is a deep red colour. As the temperature continues to increase, it begins to appear yellow, white, and then finally above 5500 K blue tones appear.
The typical range of temperatures developed by porous media burners is within the range of 1200 K -1600 K. Therefore emissions of incandescent light showing red and yellow hues are expected to be visualized. Because the progression red-yellow correspond to an increase in the values of the R channel [8] , the position where the peak temperature is located will then correspond to pixels with greater gray level intensity once the RGB colour channels are converted to a black and white scale. The temperature level that can be reached in our experiment is well restricted to the temperature range specified. Hence one can always get an estimate of the peak temperature position using the visual information obtained digitally due to the spatial resolution imposed by the geometry of the porous media burner after fixing the camera to burner distance. This implies a considerable improvement in the estimation of the position of the thermal front compared to the measurements with thermocouples. 
Implementation and Results
Digital images will allow improving the location of the temperature profiles in case of typical cylindrical porous furnaces. Nevertheless 2D images are acquired and since they are a digital approximation to the 3D problem they are a considerable advantage over thermo-couples placed 5 to 6 cm apart to determine the final peak temperature location. Each longitudinal column of the digital image is used to generate the temperature profile. To minimize border effects, left and right, irrelevant columns are discarded.
Ideally the digital images should yield a one-pixel wide band defining the peak temperature. Nevertheless the band will not be continuous in practice with isolated pixels and weakly connected set of pixels. In order to solve the above mentioned problems the following algorithm is proposed.
The algorithm implemented in MATLAB works as follows:
i. Image acquisition. Images are acquired in standard RGB colours ii. Pre-processing: extraction of a region of interest (ROI) which corresponds to an extension of the reaction zone of the porous media burner; for the present range of burning temperatures the images can be efficiently processed in black and white avoiding triplet values for each pixel of the images, i.e. the pixel intensity levels are mapped to the interval [0, 255].
iii. Binary mask generation: Detection of the most intense pixels above a given threshold: morphological operations are then applied. Elimination of spurious pixels is obtained with an erosion operation while disconnected regions of intense pixels are connected applying region growing operations.
iv. Peak temperature position estimation:
Detection of most intense pixels: compares the gray level of pixels with the threshold: threshold = I n,max (i, j) -N, where I n (i, j) is the gray level of pixel (i, j) in the n-th image, while N is an adjustment parameter chosen as N = 5. If I n (i, j) threshold, (i, j) is assigned to TRUE, otherwise (i, j) is set to FALSE. The number of images is chosen equal to 6. Erosion Function: as mentioned above its objective is the elimination of isolated and weakly connected pixels with positive values which are then put equal to zero. Eight pixels are inspected in the neighbourhood of a TRUE pixel (i, j) and if it finds less than m TRUE neighbours (m = 2), (i, j) is set to FALSE.
Region Growing Function: decreases the applied threshold in the detection function using an empirical parameter k (k = 5): threshold = threshold -k. Subsequently, inspects the 8 neighbours of a TRUE pixel (i, j); TRUE is then assigned to those pixels whose gray level is above the new value of the threshold. This fills any empty spaces to homogenize the region where the position of thermal peak is being sought.
The conversion to greyscale is done by the function rgb2gray from the image processing toolbox of MATLAB [7] which corresponds to a linear transformation of the RGB colour system to the YIQ system commonly used in black and white TV systems. The luminance signal Y is just the brightness of a monochrome image that would be displayed by a black and white TV receiver. The Y channel is then used as the black and white image:
where I R , I G , I B are the (i, j) pixel intensities of red, green and blue channels of the n-th image, respectively.
To carry out the testing, Figure 3A was chosen. This image illustrates the detection of a case where the thermal peak is at a central location with respect to the length of the burner. In any case, the algorithm can handle any of the images obtained from the porous media burner.
In order to avoid border effects, 8 pixels at the centre of the image 3A were considered. Figure 3B presents the following processing steps: the cropped image (8 pixels wide), the image transformed to greyscale and the generated binary mask. The temperature peak location is labelled as z w . Note that the arrow corresponds to this non symmetric position due to an asymmetric temperature profile.
The thermal profiles should be considered above the threshold which produces a visually perceptible radiation, i.e. 770 K and higher. Consequently, the gray level corresponding to the temperature profile above this temperature can be measured with our technique. At temperatures below 770 K this non-contact method is no longer useful due to non-visible radiation. For comparison of the figures, therefore, a normalization process in two stages was required. First, we mapped the temperature data and intensity of pixels established for a generic variable X according to:
Where th is a empirical threshold for the temperature or the pixel intensity which was chosen as th = 70 while the temperature was T = 770 K. Subsequently, we proceeded to the process of normalization with the expression
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Qualitative trends show the similarity of both the heat and intensity of pixels profiles. Preliminary experiments showed that reliable evidence supporting the use of image processing of this task can be foreseen. However, it is expected that the proposed method delivers better estimates of the position of the peak temperature than traditional methods. Mainly due to the nature of the detection of thermal gradient, based on the assumption of radiation in the visible spectrum, and the monitoring feature, which presents the algorithm proposed, which includes image acquisition, in contrast with the technique based on discrete elements spaced at a distance usually greater than where the maximum temperature gradient occurs.
Conclusions and Future Work
A simple method for detecting the position of the thermal peak based on digital image processing techniques was presented. Despite the fact that the RGB to black and white conversion worked satisfactorily in our set up, another mapping of temperature to black and white levels might be attractive, e.g. neural network algorithms. Comparison of digital gray intensity profiles with experimental and simulated temperature profiles yielded a considerable smaller error for the detection of the temperature peak position compared to conventional measurements methods. Our experiment, based on digital techniques, implies that future constructions of porous media combustors could provide experimental data with digital thermo graphic techniques. This approach would allow skipping the acquisition of true colour RGB images. The digital image technique provides a potential tool to develop a control system to monitor high temperature systems found in these porous media burners. Since porous media burners are 3D devices, tomographic reconstruction of thermal profiles might yield considerable improvement of the results in the future.
Summary
Combustion processes are ubiquitous in any industrial, scientific and medical fields. The candle is the best simple example of open flame combustion. Contamination and considerable energy loss are the principal characteristics of these combustion types. Combustion of poor quality fuel yields undesirable pollution. Porous media burners have been developed over the last two decades and might be considered as an optimal version of combustion in the future. This is mainly due to considerable reduction of dangerous contaminants such as carbon monoxide (CO) and nitrate oxide (NO X ). Porous media burners consist of a casing with a solid matrix which might define a large variety of porous material, e.g. this matrix could be manufactured as solid pellets with variable porosity. The size of the porous material might be axially variable in the preheating and reaction zones. The preheating zone accepts the input fuel while the output zone releases the gaseous low level contaminants. The energy of the flame in the reaction zone of the burner propagates according to the porous configuration of the matrix and considerably increases the temperature of the input fuel. The entire combustion process must be controlled such that the peak temperature position can be maintained within the reaction zone. The developed digital imaging technique was implemented to determine the peak position with superior accuracy than obtained with traditional thermocouples. The digital imaging process can be considered as a tool to estimate the position of the peak temperature profile required to develop a close loop control system.
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